Studies of the electrophysiological response to acetylcholine (ACh) in mammalian outer hair cells (OHCs) are hindered by the presence of a large potassium current, I K,n , most likely mediated by channels containing the KCNQ4 subunit. Since I K,n can be blocked by linopirdine, cholinergic effects might be better revealed in the presence of this compound. The aim of the present work was to study the effects of linopirdine on the ACh-evoked responses through a9a10-containing native and recombinant nicotinic cholinergic receptors. Responses to ACh were blocked by linopirdine in both OHCs and inner hair cells (IHCs) of rats at postnatal days 21-27 (OHCs) and 9-11 (IHCs). In addition, linopirdine blocked responses of recombinant a9a10 nicotinic cholinergic receptors (nAChRs) in a concentrationdependent manner with an IC 50 of 5.2 lM. Block by linopirdine was readily reversible, voltage independent, and surmountable at high concentrations of ACh, thus suggestive of a competitive type of interaction with the receptor. The present results contribute to the pharmacological characterization of a9a10-containing nicotinic receptors and indicate that linopirdine should be used with caution when analyzing the cholinergic sensitivity of cochlear hair cells.
INTRODUCTION
Cochlear outer hair cells (OHCs) are responsible for the active mechanical amplification process that leads to the fine tuning and high sensitivity of the mammalian inner ear (Dallos 1992; Dallos and Evans 1995) . This active amplification is the consequence of the ability of OHCs to alter their cell length in response to changes in membrane potential, a process referred to as electromotility (Brownell et al. 1985) . Cochlear amplification is controlled by efferent olivocochlear fibers that originate in the brain stem and synapse directly at the base of OHCs (Guinan 1996) . Acetylcholine (ACh) is the principal neurotransmitter released by medial olivocochlear efferent axons (Eybalin 1993) , and existing pharmacological and electrophysiological data suggest a central role for an atypical, nicotinic ACh receptor (nAChR) located at the synapse between efferent fibers and vertebrate OHCs (Fuchs 1996) . Current data support a model in which inhibition can be attributed to a transient, ACh-gated depolarization followed by activation of small-conductance, calcium-activated potassium channels (SK2) and subsequent hair cell hyperpolarization (Art et al. 1984 ; Housley and Ashmore 1991; Fuchs and Murrow 1992; Evans 1996; Blanchet et al. 1996) .
The cholinergic hair cell receptor displays an unusual pharmacological profile which does not resemble the one described for muscle or neuronal nAChRs (Housley and Ashmore 1991; Fuchs and Murrow 1992; Kakehata et al. 1993; Erostegui et al. 1994; Blanchet et al. 1996; Chen et al. 1996; Dulon and Lenoir 1996; Evans 1996; McNiven et al. 1996) , thus suggesting the presence of a new receptor subtype (Fuchs 1996) . The more recently cloned a9 and a10 gene subunits are distant members of the nAChR family and, when expressed in Xenopus laevis oocytes, form a heteromeric receptor-channel complex that displays a pharmacological profile distinctly different from that of other cholinergic receptors, with sensitivity to glycinergic, gabaergic, serotonergic, as well as nicotinic and muscarinic antagonists (Elgoyhen et al. 1994 (Elgoyhen et al. , 2001 ). However, the properties of the recombinant a9a10 receptor are strikingly similar to those described for the cholinergic receptor that mediates synaptic transmission between efferent fibers and cochlear OHCs. Moreover, the a9 and a10 gene subunits exhibit a unique and restricted expression pattern that includes the cochlear and vestibular hair cells (Elgoyhen et al. 1994 (Elgoyhen et al. , 2001 Morley et al. 1998; Hiel et al. 2000) . This has led to the proposal that efferent modulation of cochlear and vestibular hair cell function occurs, at least in part, via heteromeric nAChRs assembled from both a9 and a10 subunits (Elgoyhen et al. 2001) .
Studies of the electrophysiological response to ACh in mammalian OHCs are hindered by the presence of a potassium current, I K,n , most likely mediated by channels containing the KCNQ4 subunit (Housley and Ashmore 1992; Marcotti and Kros 1999) . I K,n provides a large potassium conductance that determines the OHCs membrane potential and membrane time constant. I K,n is also present in adult inner hair cells (IHCs). It is developmentally regulated and contributes only to mouse IHCs' resting membrane potential from P19 onward (Marcotti et al. 2003; Oliver et al. 2003) . I K,n can be blocked by linopirdine with an IC 50 near 1 lM (Marcotti and Kros 1999); therefore, cholinergic effects might be better studied in the presence of this compound. Indeed, recordings from OHCs of electrophysiological cholinergic responses in acute cochlear explants are performed in the presence of 10-100 lM linopirdine (Lioudyno and Fuchs, unpublished observations; Oliver et al. 2000 Oliver et al. , 2001 . However, the a9a10-containing hair cell nicotinic cholinergic receptors exhibit unusually nonselective antagonist pharmacology, raising the possibility that this I K,n blocker might also interfere with these receptors. Indeed, in the present work we show that linopirdine reduced the response to ACh of both native OHCs and IHCs, as well as of recombinant a9a10 receptors expressed in Xenopus laevis oocytes. Thus, linopirdine should be used with caution when studying responses to ACh in mammalian hair cells.
METHODS

Electrophysiological recordings from hair cells
Apical turns of the organ of Corti were excised from Sprague-Dawley rats at postnatal ages P9-11 for IHCs and P21-27 for OHCs and used within 3 h. Day of birth was considered postnatal day 0, P0. Cochlear preparations were mounted under an Axioskope microscope (Zeiss, Oberkochem, Germany) and viewed with differential interference contrast (DIC) using a 63· water immersion objective and a camera with contrast enhancement (Hamamatsu C2400-07, Hamamatsu City, Japan). Methods to record from IHCs and OHCs were essentially as described previously (Glowatzki and Fuchs 2000; Oliver et al. 2000) .
Briefly, IHCs were identified visually with the 63· objective and, during recordings, by the size of their capacitance (7-12 pF), by their characteristic voltagedependent Na + and K + currents, and at older ages by a fast-activating K + conductance (Kros et al. 1998 ). Some cells were removed to access IHCs, but mostly the pipette moved through the tissue under positive pressure. The extracellular solution was as follows (in mM): 155 NaCl, 5.8 KCl, 1.3 CaCl 2 , 0.9 MgCl 2 , 0.7 NaH 2 PO 4 , 5.6 Dglucose, and 10 HEPES buffer, pH 7.4. The pipette solution contained (in mM): 150 KCl, 3.5 MgCl 2 , 0.1 CaCl 2 , 5 HEPES buffer, 2.5 Na 2 ATP, pH 7.2. In order to isolate the nAChR current from the currents through the SK channels, 10 mM of the fast calcium chelator l,2-bis(2-aminophenoxy)ethaneN,N,N',N'-tetraacetic acid (BAPTA) was added to the pipette solution. In addition, 1 nM apamin, a specific SK channel blocker, was added to the extracellular solution. Glass pipettes, 1.2 mm i.d., had resistances of 7-10 MX . Experiments on IHCs were done at a holding voltage of -90 mV and all working solutions (containing ACh and/or linopirdine) were made up in a saline solution containing low Ca 2+ (0.5 mM) and no Mg 2+ so as to optimize the experimental conditions for measuring currents flowing through the a9a10 receptors (Weisstaub et al. 2002) .
Outer hair cells in the first and second rows of the apical turn were visually chosen for whole-cell recording. In these experiments the extracellular solution was as follows in (mM): 150 NaCl, 4 KCl, 1.3 CaCl 2 , 0.9 MgCl 2 , 0.7 NaH 2 PO 4 , 5.6 glucose, 10 HE-PES, 1 ascorbate, pH 7.4. The pipette solution was (mM): 115 KCl, 20 K 2 SO 4 , 3.5 MgCl 2 , 0.1 CaCl 2 , 5 EGTA, 5 HEPES, 2.5 Na 2 ATP, 6 glucose, pH 7.2.
Recordings from OHCs were done at a holding voltage of -30 mV.
Solutions containing ACh with or without linopirdine were applied by a gravity-fed multichannel glass pipette (150 lM tip diameter), positioned about 300 lM from the recorded cell. Currents in both IHCs and OHCs were recorded in the whole-cell patch-clamp mode with an Axopatch 200B amplifier, low-pass filtered at 2-10 kHz, and digitized at 5-20 kHz with a Digidata 1200 board (Axon Instruments Corp., Union City, CA). Recordings were made at room temperature (22-25°C). Holding potentials were not corrected for liquid junction potentials or for the voltage drop across the uncompensated series resistance.
Expression of recombinant a9a10 receptors in Xenopus laevis oocytes
For expression studies, a9 and a10 rat nAChR subunits were subcloned into a modified pGEMHE vector (Liman et al. 1992) . Capped cRNAs were in vitro transcribed from linearized plasmid DNA templates using the mMessage mMachine T7 Transcription Kit (Ambion Corporation, Austin, TX). The maintenance of Xenopus laevis as well as the preparation and cRNA injection of stage V and VI oocytes has been described in detail elsewhere (Weisstaub et al. 2002) . Typically, oocytes were injected with 50 nl of RNase-free water containing 0.01-1.0 ng of cRNAs (at a 1:1 molar ratio) and maintained in Barth's solution at 17°C.
Electrophysiological recordings were performed 2-6 days after cRNA injection under two-electrode voltage clamp with a Geneclamp 500 amplifier (Axon Instruments Corp.). Both voltage and current electrodes were filled with 3 M KCl and had resistances of 1-2 MX. Data acquisition was performed using a Digidata 1200 and pClamp 7.0 software (Axon Instruments Corp.). During electrophysiological recordings, oocytes were continuously superfused (10 ml/min) with normal frog saline composed of (mM): 115 NaCl, 2.5 KCl, 1.8 CaCl 2 , and 10 HEPES buffer, pH 7.2. Unless otherwise indicated, the membrane potential was clamped to -70 mV. Drugs were applied in the perfusion solution of the oocyte chamber. To minimize activation of the endogenous Ca 2+ -sensitive chloride current (Elgoyhen et al. 2001) , all experiments were performed in oocytes incubated with the Ca 2+ chelator 1,2-bis(2-aminophenoxy)ethaneN,N,N',N'-tetraacetic acid-acetoxymethyl ester (BAPTA-AM, 100 lM) for 3-4 h prior to electrophysiological recordings.
Concentration-response curves were normalized to the maximal agonist response in each oocyte. For the linopirdine inhibition curves, responses were referred to as a percentage of the response to ACh presented alone. The mean and standard error of the mean of peak current responses are represented. Agonist concentration-response curves were iteratively fitted with the equation I/I max =A n /(A n +EC n 50 ), where I is the peak inward current evoked by agonist at concentration A, I max is the current evoked by the concentration of agonist eliciting a maximal response, EC 50 is the concentration of agonist inducing half-maximal current response, and n is the Hill coefficient. An equation of the same form was used to analyze the concentration dependence of antagonist-induced blockage. The parameters derived were the concentration of antagonist producing a 50% block of the control response to ACh (IC 50 ) and the associated interaction coefficient (n). Current-voltage (I-V) relationships were obtained by applying 2-s voltage ramps from -120 to +50 mV, 10 s after the peak response to 10 lM ACh from a holding potential (V hold ) of -70 mV. Leakage correction was performed by digital subtraction of the I-V curve obtained by the same voltage ramp protocol prior to the application of ACh. Generation of voltage protocols and data acquisition were performed using a Digidata 1200 and the pClamp 6.1 or 7.0 software. Statistical significance was evaluated by the Student's t-test (twotailed, unpaired samples). A p < 0.05 was considered significant.
ACh-evoked current amplitudes in OHCs, IHCs, and a9a10-expressing oocytes were always measured at the peak of the response.
Materials
ACh chloride and linopirdine were bought from Sigma Chemical Co. (St. Louis, MO). ACh was dissolved in distilled water as 100 mM stocks and stored at -20°C. Linopirdine was dissolved in dimethyl sulfoxide (DMSO) as a 100 mM stock and diluted in saline. Final concentration of DMSO in the recording solution was always equal or less than 0.1%. This concentration of DMSO did not have any effect on either the holding current or the ACh-evoked currents in OHCs, IHCs, or a9a10-expressing oocytes (data not illustrated). BAP-TA-AM (Molecular Probes, Eugene, OR) was stored at -20°C as aliquots of a 100 mM solution in DMSO, thawed, and diluted 1000-fold into saline solution shortly before incubation of the oocytes.
All experimental protocols were carried out in accordance with the National Institutes of Health guide for the care and use of laboratory animals (NIH Publications No. 80-23) revised 1978. Figure 1 shows a representative response to 100 lM ACh recorded in OHCs from acutely excised organs of Corti of 3-4-week-old rats. At a holding potential of -30 mV, currents were outward since efflux of K + through calcium-activated SK2 channels predominates over influx through the a9a10-containing nAChRs (Art et al. 1984; Housley and Ashmore 1991; Fuchs and Murrow 1992; Evans 1996) . Application of linopirdine in the absence of ACh reduced the holding current by 16.8 ± 1.3 pA (data not illustrated). At 100 lM, the coapplication of linopirdine blocked responses to 100 lM ACh by 34.5 ± 3.3% (n = 3 cells; values were corrected for the effect of linopirdine on the holding current in each cell). This blocking effect increased to 50% when OHCs were superfused with linopirdine for 5 min prior to the coapplication of linopirdine plus ACh (53.3 ± 7.6%, n = 3 cells). This effect of linopirdine was reversed after washing the preparation with extracellular solution for 1 min.
RESULTS
Effect of linopirdine on rat cochlear hair cells
ACh-evoked responses in neonatal inner as well as outer hair cells result from the activation of a9a10-containing nAChRs plus the subsequent gating of SK channels by Ca 2+ entry through the nAChR (Glowatzki Oliver et al. 2000) . Therefore, in order to evaluate the effects of linopirdine on the nAChR in isolation, the following recordings were taken from IHCs with 10 mM BAPTA in the pipette solution and 1 nM apamin in the extracellular solution (see Methods) to prevent activation of SK channels. Isolated nAChR responses were studied in neonatal (P9-P11) IHCs to take advantage of their lower resting potassium conductance and thus obtain a higher signal to noise ratio than that of the OHCs. Figure 2A shows representative traces of responses of IHCs to 30 lM ACh, and block of these responses in the presence of different concentrations of linopirdine. Block by linopirdine was concentration dependent as shown on the representative traces and inhibition curves of Figures 2A and B . The concentration of linopirdine required to block 50% of the response to 30 lM ACh (IC 50 ) was 3.1 ± 0.2 lM, with a Hill coefficient of 1.5 ± 0.3 (n = 3-6). In addition, block by linopirdine was reversed by superfusion of the preparation for 40 s with control bath solution (not shown).
Effect of linopirdine on recombinant a9a10 nicotinic receptors expressed in Xenopus laevis oocytes
it is currently accepted that olivocochlear efferent inhibition of OHCs and transient efferent innervation to IHCs is subserved, at least in part, by a nAChR composed from both a9 and a10 nicotinic subunits (Glowatzki and Fuchs 2000; Oliver et al. 2000; Elgoyhen et al. 2001; Lustig et al. 2001) . We therefore studied the effects of linopirdine on recombinant a9a10 nicotinic receptors expressed in Xenopus laevis oocytes. This system offers the possibility of a more extended study of the mechanism underlying the blocking effect of linopirdine.
As shown in Figure 3A , when coapplied with the agonist, 100 lM linopirdine reduced the response of a9a10-injected oocytes to 10 lM ACh by 83 ± 2.1% (n = 3). This effect was readily reversible; 99.2 ± 8.8% of the initial response to ACh was recovered after washing the oocytes with frog saline solution for 3 min. The effect of linopirdine occurred rapidly. This became apparent when applying linopirdine in the middle of a prolonged exposure to 10 lM ACh (Fig. 3B) . The onset and decay of block by various concentrations of linopirdine occurred with the same timing as the effect of ACh itself. Presumably the perfusion system was rate-limiting in both cases.
Pre-exposure of the oocytes for 3 min with 10 lM linopirdine before the application of 10 lM ACh only slightly enhanced the percentage of block from 80 ± 2% to 88 ± 2% (n = 3, p < 0.05, Fig. 3C ). Consequently, the following experiments were performed by coapplying linopirdine with ACh.
Block by linopirdine was concentration dependent as shown on the representative traces and inhibition curves of Figure 4 . The concentration of linopirdine required to block 50% of the response to 10 lM ACh (IC 50 ) was 5.2 ± 0.2 lM, with a Hill coefficient of 0.6 ± 0.04 (n = 3). This IC 50 value is similar to that obtained in IHCs (Fig. 2) , To further characterize the mechanism underlying the blocking action of linopirdine on the a9a10 receptor, the effect of this drug was analyzed at increasing concentrations of ACh (V hold = -70 mV). As shown in Figure 5A , 10 lM linopirdine produced a significant shift of the concentration-response curves to ACh to the right without a reduction of the maximum agonist response. The EC 50 value for ACh increased from the control value of 15.4 ± 0.8 lM to 382.5 ± 6.7 lM (n = 6) in the presence of linopirdine. This result is compatible with a competitive mechanism of block. Moreover, as shown in the representative I-V curves of Figure 5B , block by linopirdine of ACh-evoked currents was voltage independent, i.e., currents were diminished equally both at negative as well as at positive membrane potentials (I lino /I control = 41.7 ± 5.2% and 44.7 ± 6.3% at -90 mV and +40 mV, respectively, n = 3).
DISCUSSION
The present study shows that linopirdine, a classic blocker of I K,n potassium currents of mammalian cochlear hair cells (Housley and Ashmore 1992; Marcotti and Kros 1999), and of I M potassium currents of peripheral sympathetic and central nervous system neurons (Costa and Brown 1997; Lamas et al. 1997) , also behaves as an antagonist of native and recombinant a9a10-containing hair cell nAChRs. The interaction of linopirdine with these nAChRs appears as efficient as that with the I K,n potassium current, since the IC 50 of linopirdine for the blockage of a9a10-containing nAChRs (5 lM recombinant and 3 lM native IHC) is within the same order of magnitude (micromolar) as that reported for native I K,n and I M currents (Costa and Brown 1997; Lamas et al. 1997; Marcotti and Kros 1999) . Block of recombinant a9a10 nAChRs by linopirdine is also within the same range of concentrations as those required to block recombinant channels formed by the cloned KCNQ2 and KCNQ3 subunits (Wang et al. 1998 ). In addition, linopirdine exerts a more potent block of recombinant a9a10 nAChRs than that reported for recombinant channels composed of the KCNQ4 subunit, 30% block at a concentration of 200 lM (Kubisch et al. 1999) . Thus, at the concentrations used in preparations of the organ of Corti to study the ACh-evoked responses, 10-100 lM (Lioudyno and Fuchs, unpublished; Oliver et al. 2000 Oliver et al. , 2001 , linopirdine will interfere with this response.
Since linopirdine is an established potassium channel blocker, one might speculate that linopirdine is acting on the associated SK2 potassium channel to produce its antagonistic effect on the hair cells response to ACh. While direct effects on SK channels were not examined in the organ of Corti, linopirdine does not block apamin-sensitive Ca 2+ -activated K + currents of rat superior cervical ganglion neurons (Lamas et al. 1997) . Moreover, it is clear from experiments performed on the isolated currents through the native nAChR in IHCs and on recombinant receptors in Xenopus oocytes that linopirdine can interact with the a9a10 nAChRs themselves. However, the possibility that linopirdine also affects SK channels cannot be disregarded.
The observation that linopirdine antagonized a9a10 nAChRs was not totally unexpected. It has previously been reported that, in addition to blocking M-type K + currents of rat superior sympathetic ganglion cells, linopirdine also blocks transmitter-gated channels of those cells, i.e., nAChRs and GABA A receptors with an IC 50 of 8 and 26 lM, respectively (Lamas et al. 1997) . Furthermore, it also has been proposed that linopirdine influences several processes that are unique to ACh-containing neurons (Vickroy 1993 (Nickolson et al. 1990 ), blocks acetylcholinesterase activity in homogenates from rat cerebral cortex (Nickolson et al. 1990) , and enhances cholinergic synaptic transmission at the rodent neuromuscular junction through a presynaptic facilitatory effect (Tsai et al. 1992) . While the present work examined only the effects of exogenous ACh, a potential effect of linopirdine on efferent synaptic release of ACh in this organ of Corti preparation should be considered in future studies.
The expression of recombinant a9a10 nAChRs in Xenopus laevis oocytes allowed a more extensive study of the mechanism of interaction of linopirdine with these receptors, thus complementing the experiments performed in cochlear hair cells. Block by linopirdine of the I M K + current is due to direct channel block (Costa and Brown 1997; Lamas et al. 1997) . However, linopirdine does not appear to act as a pore blocker of the a9a10 nAChR. Support for this conclusion is provided by the finding that linopirdine blocking effect was voltage independent. It is further supported by the observation that block by linopirdine was overcome by raising the concentration of ACh, thus suggesting that this compound acts as an antagonist by competing for the ACh binding site.
The striking similarities found so far between the pharmacology of recombinant nAChRs assembled from a9 and a10 subunits (Elgoyhen et al. 1994 (Elgoyhen et al. , 2001 ) and that of native nAChRs present in isolated OHCs from different species (Housley and Ashmore 1991; Fuchs and Murrow 1992; Kakehata et al. 1993; Erostegui et al. 1994; Blanchet et al. 1996; Chen et al. 1996; Dulon and Lenoir 1996; Evans 1996; McNiven et al. 1996) suggest that the native cholinergic hair cell receptor is assembled from both a9 and a10 subunits. Moreover, this notion is further reinforced by in situ hybridization studies carried out in rat cochlear OHCs and IHCs at the same postnatal ages as those employed in the present study (Elgoyhen et al. 2001; FIG. 5 . Mechanism of block by linopirdine of ACh-evoked responses. A. Concentration-response curves to ACh either alone or in the presence of 10 lM linopirdine. Peak current values were normalized and referred to the maximal peak response to ACh. The mean and SEM of six experiments per group are shown. Data were fitted according to Methods; EC 50 = 15.4 ± 0.8 lM in control conditions and 382.5 ± 6.7 lM in the presence of linopirdine (n = 6). B. Leak-corrected, representative I-V curves obtained upon application of 2-s voltage ramps (-120 to +50 mV) 10 s after the peak response to 10 lM ACh from a holding potential (V hold ) of -70 mV, either alone or in the presence of 10 lM linopirdine (n = 3 for each curve).
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. a9a10-containing recombinant and native nAChRs exhibit unusually nonselective antagonist pharmacology (Elgoyhen et al. 2001 ). The present work demonstrates that the I K,n blocker linopirdine antagonizes hair cell nAChRs with the same potency as reported for classical muscarinic (atropine) and nicotinic (nicotine) compounds (Elgoyhen et al. 2001) , and it contributes to the pharmacological characterization of this receptor subtype.
